We propose a current-in-plane spin-valve field-effect transistor (CIP-SV-FET), which is composed of a ferromagnet / nonferromagnet / ferromagnet trilayer structure and a gate electrode. This is a promising device alternative to spin metal-oxide-semiconductor field-effect transistors. Here, we fabricate a ferromagnetic-semiconductor GaMnAs-based CIP-SV-FET and demonstrate its basic operation of the resistance modulation both by the magnetization configuration and by the gate electric field. Furthermore, we present the electric-field-assisted magnetization reversal in this device. a)
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Spintronics, which utilizes not only the charge degrees of freedom but also the spin degrees of freedom in electronic devices, is a hopeful candidate for a next-generation technology. Various kinds of spintronics devices have been proposed thus far. [1] [2] [3] Above all, a spin metal-oxide-semiconductor field-effect transistor (spin MOSFET) 4, 5 , in which the source and drain electrodes are ferromagnetic materials, has attracted much attention because it is compatible with the sophisticated semiconductor technology and is expected to be used for non-volatile logic systems. 6 Although there have been some experimental demonstrations of both lateral and vertical spin MOSFETs, [7] [8] [9] [10] there still remain problems to overcome for practical applications in the present status. In the lateral spin MOSFETs, the small magnetoresistance (MR) ratio (0.1%, 7 0.005%, 8 and 0.03% 9 ) is a crucial problem. This is caused by the difficulty of the efficient spin injection from ferromagnetic metals into semiconductors and of the coherent spin transport with a long distance in semiconductor channels. In the vertical spin MOSFETs, although the MR ratio is large, the current controllability is small in the present status and improvement is necessary.
In this Letter, we propose an alternative device, a current-in-plane spin-valve field-effect transistor (CIP-SV-FET) shown in Fig. 1(a) . This device comprises a ferromagnet / nonmagnet / ferromagnet trilayer channel and a gate electrode, and can offer a functionality similar to spin MOSFETs. The resistance of the channel is controlled by the magnetization configuration through the current-in-plane spin-valve effect induced by the two ferromagnetic layers in the trilayer channel. The channel resistance is also controlled by the gate electric-field effect on the top ferromagnetic layer. Ideally, we can expect that the current is switched on/off by applying the gate electric field. Thus, we can use this device as a transistor. Moreover, if the thickness of the top ferromagnetic film is sufficiently thin, the magnetic properties can be modulated by the gate electric field. 11-13 Therefore, we can reduce power consumption for writing data using the electric-field-assisted magnetization reversal. 14 The ferromagnetic semiconductor GaMnAs is one of the most suitable material systems for the proof-of-concept study of this device, because the current-in-plane spin-valve effect has been observed in GaMnAs / GaAs / GaMnAs heterostructures, [15] [16] [17] [18] and the channel resistance of single GaMnAs layers can be modulated by the gate electric field if the thickness of the GaMnAs layer is sufficiently thin (~ 5 nm). 19 The heterostructure used in this study is composed of GaAs (1. that abrupt jumps occur in R sheet due to the presence of a domain wall when the magnetization is reversed in single GaMnAs layers with a tensile strain. [21] [22] [23] [24] However, these spike-like peaks are not essential in our device. As clearly seen in the magnified 5 plots of R Hall -μ 0 H and R sheet -μ 0 H in Fig. 2(c) , R sheet is larger in the range of μ 0 H from -7.7 mT to -7.3 mT, where the magnetization configuration is antiparallel, than that in the parallel magnetization configuration. This is the evidence of the spin-valve effect in the GaMnAs / GaAs / GaMnAs trilayer structure. [25] [26] [27] The MR ratio, which is defined as Because the magnetic properties can be modulated by V G in our CIP-SV-FET, we can use electric-field-assisted magnetization reversal in this device. To demonstrate it, we measured the response of R Hall to the gate voltages at a fixed H (Fig. 4(a) ). Before the measurements, the magnetizations were aligned parallel by applying μ 0 H of +1 T. Fig. 4(a) . Thus, the magnetization of the top Ga 0.94 Mn 0.06 As layer is reversed, and the magnetizations become parallel and R Hall decreased to -0.8 kΩ. At t ~ 40 s, we switched V G from 25 V to -25 V. At this time, the magnetic static energy at the top GaMnAs layer is already lowest because the magnetization direction is parallel at the magnetic field. Thus, the hysteresis loop is not switched back to the blue curve in the inset of Fig. 4(a) , and the magnetization configuration remains parallel. We can also 
